We performed two weeks of mechanical overload by synergist ablation on plantaris muscles from a small rodent hibernator, Spermophilus lateralis. While this muscle displays prominent myosin heavy-chain (MyHC) isoform shifts during hibernation, sensitivity to mechanical loading as a stimulus for muscle mass and isoform plasticity has not been demonstrated. Squirrel muscles, whether during hibernation or not, potentially are less sensitive to mechanical unloading, but we hypothesized that increased loading would produce the typical mammalian response of greater plantaris mass and MyHC shifts. Mechanical overload produced a 50% increase in muscle mass, but surprisingly no changes in MyHC isoform protein or mRNA expression, despite previously observed fast-to-slow MyHC isoform switching during hibernation. Citrate synthase enzyme activity, as well as mRNA expression of creatine kinase and the muscle growth factor myostatin, were all unchanged. The mRNA expression of critical muscle atrophy genes decreased by 50% during hypertrophy, including ubiquitin ligases MuRF1 and MAFbx, and the related transcription factor FOXO-1a. Insulin-like growth factor (IGF-1) and hypoxiainducible factor (HIF-1α) mRNA expression was elevated by 400% and 150%. Fast-to-slow MyHC isoform shifts appear unnecessary to support the increased recruitment of the plantaris muscle, shifts which are seen in other rodent models. Our results are consistent with muscular activity during interbout arousals as a potential mechanism to preserve muscle mass, but illustrate the primary importance of other seasonal factors besides patterns of muscle activation which must act in concert to alter MyHC isoforms and muscle fiber-type during hibernation.
The reasons for putative skeletal muscle adaptations in the small rodent hibernators may be related both to shivering activity during hibernation, and to presumptive activity immediately following emergence. During hibernation, brown adipose tissue is critical to providing heat for rewarming.
However, shivering may provide an important contribution to thermogenesis, and muscles might repeatedly have to support this aspect during interbout arousals. Upon emergence, the animals must Hershey 2008). Are these changes required for shivering, or are they a byproduct of potentially intensive skeletal muscle activity? Seasonally, if the isoform profiles are sufficient for summer activities, why are they not simply maintained during hibernation, when they clearly change at some point?
The current study specifically tests whether increased mechanical activity plausibly can contribute to plasticity in hindlimb muscle of squirrels, similar to isoform changes occurring during hibernation. We utilize a common rodent model of compensatory hypertrophy, involving the synergistic ablation of hindlimb muscles, which results in profound mechanical overload of the remaining plantaris muscle. To date, no demonstration has been made that muscles of hibernating rodents are even sensitive to changes in mechanical loading, whether increased or decreased. Losses during hibernation instead could be due to fasting and protein catabolism, or hibernation triggers unrelated to neuromuscular activity. Anecdotal evidence (B. Rourke, unpublished observations) indicates that during seasonally active months, squirrel muscles do not atrophy or alter MyHC isoform profiles in response to reduced activity induced by captivity and cage restriction.
The plantaris muscle of these squirrels is an appropriate choice for this study for several reasons. During hibernation, the plantaris may exhibit atrophy up to 25%, depending on the study; regardless, it consistently shows pronounced shifts from fast to slower MyHC isoforms (Rourke et al. 2004a, b; Nowell et al., submitted) . These fast to slow shifts in other mammalian muscles are characteristic of aerobic training or mechanical overload, but would be unusual in their appearance during atrophy or inactivity. We have recordings of plantaris activity during hibernation from chronically implanted electromyography electrodes verifying activation of this muscle at late stages of arousal (unpublished observations). It is not clear whether the changes in MyHC isoforms during hibernation are required to support shivering, are a byproduct of shivering activity, or are related to another aspect of torpor. Mechanical overload of the squirrel plantaris during non-hibernating periods tests whether MyHC plasticity can be induced by loading, which has special relevance to hibernation physiology. The model we employ is not meant to mimic shivering directly, but is among the strongest stimuli for producing shifts to slower MyHC isoforms in other rodents, explicitly in the plantaris. It simply cannot be assumed that signaling pathways of loading sensitivity are mechanisms shaping fiber type in this species, given other notably unusual muscle responses.
We hypothesized that two weeks of mechanical overload of the plantaris would result in a 40-50% increase in muscle mass, and noticeable shifts in MyHC isoform expression, either as the accumulation of type 1 MyHC or the shifts of type 2b MyHC to slower type 2x MyHC. We report a remarkable absence of these shifts in the plantaris of non-hibernating squirrels, despite a rapid 50% increase in muscle mass, and in contrast to changes during six months of torpor. We further characterize the hypertrophic response through mRNA expression of genes involved in critical pathways controlling muscle mass, such as the ubiquitin ligases MuRF1, MAFbx, the transcription factors FOXO-1 and FOXO-3, the growth factors IGF-1 and myostatin, and a binding protein IGF-BP5. We measure mRNA from a molecular marker of hypoxia, HIF-1α, and from muscle creatine kinase. Lastly, we include fundamental determinations of protein and nucleic acid contents, and citrate synthase activity.
Sensitivity to increased skeletal muscle activation and loading, even the profound stimulus of synergist ablation, surprisingly does not appear to be a mechanism directing MyHC isoform shifts in this hibernating species.
Materials and Methods

Animal collection and surgical muscle ablation
Golden-mantled ground squirrels (Spermophilus lateralis) were live-trapped in August 2007 near Redding, California, under a Department of Fish and Game scientific collecting permit. Mixed sexes were captured, with 13 females included in the current study (7 control, 6 surgical). Because of the confounding influences of testosterone in similar exercise/resistance training protocols involving rodents and humans, four males (2 control, 2 surgical) were considered separately (see Results). NaCl, 1mM EDTA) and Hoescht (50ml of 1mg ml -1 per 100ml filtered TNE) and read in triplicate, using DNA standards of known concentration. Total RNA content was determined on a UV plate reader at 260 and 280nm.
Citrate synthase activity was determined spectrophotometrically, and incubated at 37 o C, based on a method described by Srere (1969) . Plantaris homogenates were freeze-thawed twice from -80 o C to fracture the mitochondrial membrane, then diluted 1:20 and assayed in triplicate during a third thaw.
In a microplate, 130 μl Tris (100mM pH 8.0), 20 μl DTNB (1mM), and 20 μl freshly prepared acetyl CoA (3mM, Sigma) were blanked, then 10 μl diluted homogenate and 20 μl oxaloacetate (5mM) were added.
The plate was scanned every minute for six minutes in a kinetic read at 412nm, and change in optical density was plotted as a straight line. Activity was calculated initially as micromoles g tissue -1 min -1 and then corrected for protein concentration in the muscle homogenates.
Electrophoretic separation of the myosin heavy-chain isoforms was accomplished using a method described previously for this species ( 
mRNA expression of muscle genes
Using total RNA isolated from individual plantaris muscles, 1 μg RNA was reverse-transcribed to cDNA (SuperScript III, Invitrogen, Carlsbad, CA USA). This cDNA served as template for semi-quantitative PCR reactions for MyHC isoforms mRNA, and for nine genes expressed in skeletal muscle related to muscle mass, metabolism, and fiber-type (Table 1) PCR products were visualized on 2% agarose gels and stained with SybrGreen fluorescent DNA dye (Invitrogen). Images were analyzed by densitometry (ImageQuant), expressing the mRNA signal as intensity of amplified product corrected for the intensity of the 18s or MyHC control amplicon. This technique of multiprimer PCR reactions allows sensitive detection of differences between groups that vary by as little as 10% or less, and gives excellent reproducibility when carefully performed.
ANOVA and descriptive statistics were carried out on Systat 10 (SPSS, Chicago, Illinois). All data were analyzed from duplicate or triplicate determinations, expressed as the average per individual muscle, and assessed for significance at the P=0.05 level. Correlations of MyHC protein and mRNA were also performed.
Results
The female ground squirrels used for this study demonstrated a 42% (per animal mass, n=13, P<0.009) to 53% (muscle mass alone, P<0.001) increase in plantaris mass following 14 days of compensatory or mechanical overload ( Figure 1 and Table 2 ). This is similar to the 40-50% increases over a similar time-frame in rats and mice (Roy et al. 1997 also seen in males (data not shown, n=2 each control and overload). A slight, but marginally significant decrease in total protein in the plantaris of surgical animals is consistent with minor edema and swelling of the muscle. The myofibrillar protein contents were unchanged, which indicates that the mass increase of the muscle is not attributable to edema, but rather to hypertrophy and the addition of new contractile elements. The maintenance of RNA content per muscle mass, and the increased DNA are also consistent with hypertrophying muscle (Table 2 ). Citrate synthase activity was unchanged, although the relatively glycolytic plantaris muscle may not be able to increase oxidative capacity in that fashion.
MyHC protein isoforms were unchanged between control and surgical animals, despite the profound muscle hypertrophy and the anticipated stimulus to increase a shift to more oxidative fibertypes ( Figure 2 ). MyHC mRNA expression, as measured by RT-PCR, closely mirrored protein expression, and also showed no shifts. Regression analyses were highly significant for MyHC against MyHC mRNA, whether for control and surgical groups independently or pooled (P<0.001). The mRNA expression of the growth factor myostatin was unchanged in our study. Although creatine kinase mRNA was expected to increase modestly with this type of muscle hypertrophy, no changes were detected. Finally, the mRNA expression of the transcription factor HIF-1α was elevated 2-3 fold (P=0.006). In each of these cases, protein levels and phosphorylation states are important functional considerations that are unaddressed by our mRNA measurements.
Discussion
We observed a rapid 50% increase of plantaris muscle mass following two weeks of compensatory overload in non-hibernating ground squirrels. We did not observe shifts in MyHC expression, although data from other mammals and our own hibernation studies predicted fast to slow 
MyHC isoform expression is unchanged with hypertrophy
The details, interactions, and fundamental mechanisms of the control of skeletal muscle mass and fiber-type are still being described, as the complexities are rich and incompletely understood Our findings of a 40-50% increase in plantaris muscle mass are very similar to other studies, and demonstrate that squirrels are at least sensitive to increased mechanical loading.
The current study addresses the possibility that control of MyHC isoform expression in ground squirrel muscles, distinctly from mass, is not mediated by changes in mechanical loading. The expression of these isoforms still must have consequences for mechanical and energy efficiency, but may have become uncoupled from activity-sensing pathways. This would be a fascinating departure for mammalian muscle, and argues that the observed fast to slow MyHC transitions occurring during hibernation are more likely to be directed by other control mechanisms. A relevant issue is whether the shivering activity of interbout arousals would be sufficient to induce MyHC shifts, or conversely whether the muscles are altered first to support the shivering activity. Our current data further reinforce how muscle mass and MyHC profiles can be shaped independently, which is a relatively recent but increasingly supported tenet of mammalian muscle physiology.
Despite the apparent strength of the stimulus, and the clear increases in mass and contractile proteins, the lack of any isoform switching in Fall-active squirrels was surprising. It cannot be argued that the plantaris of this species is simply incapable of such MyHC isoform shifts, because we have shown that type 2b to 2x shifts occur during hibernation (Rourke et al. 2004a). The squirrels used in this study were active, and sacrificed by the first week of September. They were not transitioning into torpor, which otherwise might be a confounding factor. Most importantly, if the squirrels were in seasonally transitive state to torpor, that should have produced the fast to slow shifts that here are so conspicuously absent. Patterns of neuromuscular activation during synergist ablation and rewarming from torpor are different; we do not equate them, but contend that we have produced an energetically and mechanically robust challenge to the plantaris which has not produced MyHC shifts.
It is therefore likely that fast to slow shifts, already unusual for their appearance during prolonged inactivity and modest atrophy, are prompted by seasonal stimuli, and are not generated by the brief but intense activity of interbout arousals. We have additional observations of the plantaris that suggest that these changes occur early in the hibernation season, which also support the supposition that they are not slowly accumulated with shivering activity during Winter (Nowell et al. . It seems more apparent that these and other activityindependent mechanisms (Roy et al. 1996) are likely in determining fiber-type in hibernating species as well.
Molecular pathways of muscle plasticity
Our survey of the genes involved in controlling muscle mass and fiber-type is incomplete, but Similarly, myostatin was not downregulated in the muscle mass increase of this mechanical overload protocol, but we have observed seasonal decreases by 50% in some muscle types during hibernation.
Reduction in myostatin is more typically associated with muscle mass increases or atrophy protection 
Metabolic markers of hypertrophy in muscle
The increase in loading, activation, and use of the plantaris with synergist ablation is not trivial.
The 50% increase in mass over only two weeks indicates how dramatically the plantaris must change its recruitment, and potentially, energetic and fatigue characteristics. However, we did not find that citrate synthase activity was elevated, and enzyme activity is low in this muscle compared to other muscles and the heart of this species (B. Rourke, unpublished observations). This is not surprising given the predominant fast phenotype, and may reveal a limit to the plasticity of the plantaris -mass can change readily in atrophy or hypertrophy, MyHC can remodel during hibernation, but enzyme complements might be less mutable. In a congener, measurements of the gastrocnemius, another mixed fiber-type muscle, also show that mitochondrial oxidative respiration was not changed during hibernation
We thought creatine kinase might be altered with hypertrophy, as fluxes are important in hibernation (Schaefer et al. 1993) , and mRNA expression is reduced 70% in hibernating squirrels (Abnous and Storey 2007) . Proteomics analyses also point to important modulations of creatine kinase protein levels, which we have also detected in pilot studies using two-dimensional SDS gel preparations.
Our current findings on creatine kinase mRNA suggest that any changes in the plantaris do not require transcriptional control.
The elevated mRNA expression we observed for the hypoxia related transcription factor HIF-1α is intriguing. Elevations are seen in humans with resistance exercise (Drummond et al. 2008 
Perspectives and Significance
The mechanical overload model applied to ground squirrels reveals yet another surprising characteristic of muscle physiology in this hibernating species -loading can induce an increase in muscle mass without any alteration to MyHC isoforms. This reduces the probability that shivering is directing fast to slow MyHC isoform shifts during hibernation, but bolsters arguments that muscle activity may help attenuate loss of mass. Some other neural, hormonal, or seasonal cue must prompt and initiate MyHC isoform profile adaptations for hibernation, with uncertain molecular mechanism, but as a probable requirement for thermogenesis. Molecular pathways controlling atrophy are inactivated during the compensatory hypertrophy, and can be contrasted with the prevention of atrophy during hibernation. The plantaris muscle, as one of a group of hindlimb muscles involved in shivering activity, As above CTCTGCAGATTTTATTTCACTGATATAC S. lateralis MHC2x
As above CCAAAAGTAATAAGTACAAAACAGAGTG 
